In 2007, 45,163 domestic industrial direct/indirect discharge sources were registered in Korea, which have been categorized into 82 divisions based on the characteristics of their products, raw materials and wastewaters. The purpose of this study was to set priorities using a risk assessment of pollutants toxic weighting for each industrial category with respect to pollution prevention and control. This study developed the upgraded Modified Toxic Weighting Factors (MTWFs) rather than the Toxic Weighting Factors (TWFs) suggested by the United States Environmental Protection Agency (USEPA) with respect to domestic environmental regulations, and the assessment of existing databases of domestic industrial wastewater characteristics for the 82 categorized industries in Korea. Finally, priority of industrial categories and pollutants were established to determine the target industries and pollutants requiring controls. High contributing categories in order of their pollution loads were pulp, paper and paper products manufacturing, dyeing and processing facilities, etc. The top 10 industrial category loads accounted for 76.0% of the total effluent equivalent kilograms of pollution. High contributing categories, in order of their toxic level were synthetic resins and other plastics manufacturing, leather and fur processing and manufacturing. Kyeong-Jin Kim (corresponding author) Water Infrastructure Division,
INTRODUCTION
Over 246,000 of the chemicals used commercially on a global scale have the potential to be environmental pollutants. In 2007, the Korean Ministry of the Environment (KME) listed 40,731 chemicals used in domestic industries as environmental pollutants, with over 400 chemicals added every year (KME ). Each pollutant has its own level of toxicity; therefore, has different effects on human and aquatic life; hence, the wastewaters containing different toxic pollutants from different industrial sources have different toxicity levels. In 2007, 45,163 domestic industrial facilities with direct/indirect discharge sources were registered, which have been categorized into 82 divisions based on the characteristics of their products, raw materials and wastewaters (KME ). In Korea, depending on the upgrading of industrial structures and the diversification of wastewater discharge characteristics, reasonable and scientific effluent regulations for industrial wastewater are urgently required. National effluent regulations specify the maximum allowable levels of pollutants that may be discharged by facilities within an industrial category. The United States (USA) and European Union (EU) have adopted different effluent limitation guidelines by industrial categories, ranging from manufacturing industries, such as petroleum refining, to service industries, such as centralized wastewater treatment (USEPA ). However, Korea has accepted uniform regulation, independent of industrial categories sources, due to the difficulty in regulating each industry individually, which would be both costly and time consuming. Also, the backgrounds in environmental regulation policies are different for each country. Therefore, uniformly regulated countries as in Korea should prioritize industrial category and phasing for the control of individual sources. The purpose of this study was to set priorities using a risk assessment of pollutants toxic weighting for each industrial category relating to pollution prevention and control. A risk assessment of pollutants is required to evaluate the impacts of chemical substances to humans and the environment. During the last decade, there have been vast improvements in the methods used to test chemical toxicity and a chemical's environmental fate, and interpret these data within a risk assessment framework. Risk-based ranking and scoring systems can be used to focus attention and resources on the largest potential hazards. Risk-based chemical ranking and scoring combine an assessment of both the toxic effects of chemicals (human and/or environmental) and the potential exposure to those chemicals to provide a relative evaluation of risk. Chemical risk ranking has received the most attention in determining which chemicals should be included in special regulatory pollutant lists, and those discharging sources that should be preferentially controlled (USEPA a). In this study, the regulations for industrial sources were based on three main factors. First, the development of upgraded Modified Toxic Weighting Factors (MTWFs) using a chemical ranking and scoring method that considers domestic environmental regulations. Second, an assessment of existing databases of industrial wastewater characteristics for the 82 categorized industries in Korea was undertaken. The third factor was to set priorities for industrial categories and pollutants to determine the target industries and pollutants requiring controls.
MATERIALS AND METHODS

Development of Toxic Weighing Factors by USEPA
Each pollutant has its own level of toxicity, and different effects on human and aquatic life; therefore, the equal evaluation of the effectiveness of pollutants removal by wastewater treatment plants is not recommended. This makes the development of pollutant Toxic Weighting Factors (TWFs) a necessity. Without such factors, a kilogram of arsenic would have the same toxicity value as a kilogram of iron. TWFs were developed to protect both human and aquatic life by converting chemical discharges to 'toxicweighted kilogram-equivalents'. TWFs can provide a mechanism by which discharges containing different mixtures of chemicals can be compared (Eastern Research Group Inc. ). This mechanism is also useful for comparing previous data to evaluate the effectiveness of the control. Therefore, it makes it possible to determine which discharge sources should be controlled and which chemicals should have enhanced regulations and limitation. The methodology initially established in 1981 by the USEPA's cost-effectiveness (CE) task force was upgraded in 2005 to include more industries and pollutants. At present, the USEPA has developed TWFs for approximately 1,900 chemicals, which were used to establish a 'National Strategy' for the control of industrial sources. In 2004, the USEPA proposed and developed a draft Strategy for National Clean Water Industrial Regulations to outline how the USEPA addresses these factors. The first factor in the strategy considers the amount and toxicity of the pollutants remaining in industrial discharges. TWFs were used with the discharges reported in the toxics release inventory and the permit compliance system to generate preliminary rankings by industry (USEPA ).
To calculate TWF values, the USEPA added TWFs for aquatic life protection and human health protection values for each pollutant of concern. The USEPA used chronic effects on aquatic life (AQ) and human health effects from ingesting contaminated organisms (HHOO) as the basis for TWFs. For these calculations, the EPA divided, and then summed, the aquatic life and human health protection values for each pollutant (USEPA a, b). TWF ¼ 5:6=AQ þ 5:6=HHOO
(1)
where TWF, toxic weighting factor; AQ, chronic aquatic life protection value, criterion (μg/L); HHOO, human health protection value, criterion ingesting only organism (μg/L); 5.6, former aquatic life protection value for copper. This analysis gave standardized values (5.6) relative to copper, a toxic metal pollutant commonly detected and removed from industrial effluent (Equation (1)). The USEPA used a value of 5.6 μg/L as a benchmark figure, because this concentration was known as the copper aquatic life protection value, at the beginning of the 1980s (Eastern Research Group Inc. ). However, this is no longer available because follow-up research found that toxic concentrations of the metal vary according to their dissolution conditions in water and depends on the characteristics of water, such as pH, hardness, alkalinity and DOC (dissolved organic carbon) (USEPA a). However, the USEPA still uses 5.6 as their meaningful value, as it is important for comparison with previous pollution loads of each industrial category in evaluating whether the water quality has improved using the same statistical analysis method. This methodology also has several weaknesses. Veil () discussed the general weakness of the methodology when applied to all industries. The first general weakness was the use of weighting factors to account for the different environmental impacts of various pollutants. The concept of applying weighting factors is valid, but the method for estimating or assigning weighting factors is critical. Ideally, the USEPA would have developed a full suite of aquatic life protection and human health protection criteria for all pollutants considered in this analysis, but such criteria are not frequently available and can change according to updated research. The second is the need to sum the effects of aquatic life and human health protection criteria rather than using whichever criterion will result in a larger weighting factor. This practice serves to make the weighting factor larger, especially if the two criteria are approximately equal. The final general weakness was the failure to consider the form of metal used in the calculations. Recently, most water quality calculations have considered the total or total recoverable form of metals, but the toxic concentrations of metals vary according to their dissolution conditions in water and depend on the characteristics of the water. Several heavy metals should be considered as the bioavailable fraction, because the concentrations of dissolved metals should be more closely approximated to the values in the aquatic life protection criteria.
Development of pollutants Modified Toxic Weighting Factors (MTWFs)
The MTWFs were developed to make up for the weak points in the toxic weighting methodology in the TWF. The MTWFs were calculated using the harmonic mean divided by the smaller of the human health protection value and chronic aquatic life protection value. The human health value was considered based on both the carcinogenicity and toxicity protection for human health protection via ingestion of water and organisms (IRIS database for risk assessment ). These values can often change with the new studies of pollutants toxicity mechanisms. The harmonic mean was used as a benchmark figure to calibrate the gap between values. Whenever protection values are changed, the evaluation of toxicity for an industrial source would vary if this harmonic mean as a benchmark figure is not used to calculate the MTWFs.
In this study, the MTWFs of 31 pollutants regulated as water contaminant substances in Korea were developed for evaluation of their toxicity levels. These covered all pollutants that can have MTWFs developed among all the 47 pollutants regulated by Korean law as having wastewater effluent limitations. A further 16 regulated pollutants were not available for the development of MTWFs, because aquatic life protection criteria and human health protection criteria, such as BOD, SS, color, etc, were unavailable.
where MTWF, Modified Toxic Weighting Factor; H, harmonic mean value of MTWFs (for target 31 pollutants, 1.1626 μg/L); HHWO, human health protection value, criterion (water þ organism) (μg/L); AQ, chronic aquatic life protection value, criterion (μg/L). The MTWFs were calculated by the smaller values between the aquatic life protection and human health protection criteria to avoid any weakness in the methodology, especially when the human and aquatic life protection values were similar, as the TWF value will become higher than its original toxicity (Equation (2)). The human health protection criteria were adopted as effects of ingesting contaminated water and organisms (HHWO), because these did not exclude the risk of any pollutants potentially contaminating water sources used as drinking water. As a benchmark figure, the harmonic average of target pollutants, which represent the toxicity level for the group of target pollutants, was used.
where TWKE, Toxic Weighting Kilograms Equivalent (kg-equ/ yr); MTWF, Modified Toxic Weighting Factor; q i , concentration of detected sample (mg/L); F, frequency (n/N); n, number of detected samples; N, total number of samples; Q, flow rates of each category (m 3 /yr).
To calculate toxic weighting loads, measured concentration data of each target pollutant (31 pollutants) were averaged over the samples detected in the same industrial category, and then multiplied by the detection frequency, which gives the standard concentration of pollutant by each industrial category (equation 3). The Toxic Weighting Kilogram Equivalent (TWKE) of each pollutant was calculated using the equivalent concentration multiplied by the MTWF and categories of the total flow rate. The equivalent concentration for each industrial category acts as an indicator for evaluating an equivalent toxicity level (Table 1) .
Data and analysis of wastewater characteristics on domestic discharging sources
In 2007, 45,163 domestic industrial facilities with direct/ indirect discharge sources were registered, which have been categorized into 82 divisions based on the characteristics of their products, raw materials and wastewaters (Korea National Institute of Environmental Research (KNIER) ). The purpose of this study was to set priorities of industrial categories by assessing the toxic weighting of industrial discharges of wastewater for advanced industrial sources control. Therefore, this study also analyzed the data of wastewater characteristics by industrial categories. This study used nationwide data on industrial wastewater facilities from the KME for a 10-year period. The data were collected through three projects for advanced industrial wastewater management: 'Pollutant unit mass from an industrial wastewater discharging facility and the best available technology assessment on the wastewater treatment processes (KNIER )'; the 'Study on improvement of industrial wastewater management (Korea Institute of Science and Technology (KIST )); and 'A study on extended authorization of specific toxic substance and establishment of the effluent standard (KNIER )'. The flow rates of each categorized facilities were also collected in the 'Investigation on the National Pollutants Sources (KME )'. These characteristics of industrial wastewater, from more than 1,100 discharging facilities, were categorized by industry and target pollutant.
RESULTS AND DISCUSSION
Development of MTWFs for the target pollutant groups
The usage of the MTWF has the merits on the assessment of toxicity for each industrial wastewater compared to TWF by USEPA, because the MTWF is just based on the regulated and monitored pollutants commonly found in many countries. This makes it possible to do the objective assessment on each industrial category. Also, despite its limited pollutants, the usage of the MTWFs to assess each industrial category has scalability and availability according to the expansion of pollutants using the harmonic average of target pollutants. The harmonic average can also revise the gap between previous studies and updated results on the toxicity of pollutants.
MTWFs were developed for 31 target pollutants using the risk assessment method for human and aquatic life ( Table 2 ). The harmonic mean value of the MTWFs for these target pollutants was 1.1628 μg/L depending on the target pollutant groups. The main function of an effective benchmark figure is to identify the risk assessment level of the target pollutant group.
The sum of the 31 MTWFs was a fixed value, even if the aquatic life and human health protection criteria were changed according to the results of new studies, unless target pollutants were added or removed. This function is useful in the assessment of industrial wastewater sources, when there is a need for a comparative analysis with past data for the same industrial facility or category to find the cause of water quality improvement, regardless of changing the pollutants criteria. Also, this can easily be revised; even when new pollutants are added or changed, using the harmonic mean factor. To develop MTWFs for heavy metals, such as copper and nickel, the bioavailable fraction of water has to be considered because the dissolved metals should be more closely approximated to those values in the aquatic life protection criteria (USEPA a). For most pollutants, the effect of the smaller (high toxic level) of the aquatic life protection criteria and human health protection criteria were applied, with the exception of phenol, total nitrogen and total phosphorus. Phenol was considered to have tightened organoleptic effect criteria (USEPA c). The odor effect value by phenolic compounds was smaller (high effect) than the HHWO, and the odor problem has been a big issue in Korea due to an accident where a large quantity of phenol leaked into a water source in the 1990s. The total nitrogen and phosphorus were calculated as the sum of N, P and O compounds; therefore, the toxic effects of these compounds on human and aquatic life Body weight: 60 kg, daily drinking water intake 2 L/d, daily fish intake: 0.064 kg/day (KNIER 2010); RFD, reference dose; q 1 , cancer potency factor or cancer slope factor; RSC, relative source contribution; BAF, bioaccumulation factor; BCF, bioconcentration factor. were difficult to assess. As the total nitrogen and total phosphorus receive much attention as the main cause for eutrophication, their risk assessments resulted in aggregate ecoregional criteria (USEPA b) in the development of their MTWFs.
Pollution load contributions of industrial categories in Korea
Based on domestic nationwide research and MTWFs, this study was able to prioritize the industrial categories whose pollutants discharges potentially pose the greatest hazards to human health or the environment. The results of the assessment of the contributions of each industrial category were in the following order as high discharge TWKEs: pulp, paper and paper products manufacturing, dyeing and processing facilities, and petrochemical basic compounds manufacturing industries, etc. The category of pulp, paper and paper products manufacturing showed high effluent equivalent pollution loads (13.2%), representing their real impacts on surface waters. The top 10 industrial categories loads accounted for 76.0% of the total effluent pollution ( Table 3) .
The discharged TWKE of each category is equivalent toxicity multiplied by flow rates. However, the equivalent toxicity of each industrial category is able to change according to the number of pollutants and evaluation of MTWF for each pollutant. Therefore, the harmonic average (1.1626) and the sum of MTWFs (31) act as indicators for evaluating an equivalent toxicity in this risk assessment for industrial categories as shown Table 2 . Table 4 shows the specific objects of major concern based on their order of contribution, rank of discharged TWKE. The pollution loads of pulp, paper and paper products manufacturing industries contributed most due to large water requirement and high amounts of lead (as the toxic pollutants), total nitrogen and total phosphorus (as the eco-regional substances) released. Also, synthetic resins and other plastics manufacturing was ranked first in terms of hazardous pollutants levels (rank of equivalent toxicity) although rank of TWKE was fifth, which was affected by vinyl chloride, total phosphorus, total nitrogen, cadmium and manganese, etc. High contributing categories in order of their equivalent toxicity were synthetic resins and other plastics manufacturing, leather and fur processing and manufacturing facilities, and petrochemical basic compounds manufacturing, etc. These categories should apply suitable treatment technologies for the removals of the specific pollutants of concern.
CONCLUSIONS For the evaluation of industrial categories of discharges and setting pollution control priorities, this study detailed a risk assessment of pollutants regulated in Korea, a Modified Toxic Weighting Factors (MTWFs) methodology, with the top 10 categories selected according to their toxic weighting kilogram equivalent (TWKE).
• To develop the MTWF, the smaller criterion (high toxic level) of the human health and aquatic life protection criteria was applied, with the exception of those for phenol, and total N and P, for which alternative protection criteria (organoleptic or eco-regional protection) were adopted.
• The MTWKs make up for the weak points in the TWFs due to changes brought about by new risk assessment studies on pollutants by adopting the harmonic average value of pollutant groups as a benchmark figure.
• High contributing categories in order of the TWKEs were pulp, paper and paper products manufacturing, dyeing and processing facilities, and petrochemical basic compounds manufacturing, etc. Most of these industries require enormous quantities of water for industrial use.
• The top 10 industrial category loads accounted for 76.0% of the total effluent equivalent kilograms of pollution; therefore, the control of these industries may be most effective for reducing water pollution.
• High contributing categories in order of their toxic level were synthetic resins and other plastics manufacturing, leather and fur processing and manufacturing, and petrochemical basic compounds manufacturing, etc. These categories should apply suitable treatment technologies for the removal of the specific pollutants of concern.
To enhance the accuracy of this analysis, the target pollutants for each industrial source needs to be extended further, with the collection of more data on the characteristics of discharging facilities. The top 10 industrial categories contributing to pollution should be given priority in the control of their pollutant loads using technical baseddifferential limits, including quantitative controls to reduce the pollutant loads in surface waters. Through this screening-level analysis, the relative importance of each industrial category and the priorities for pollution reduction were determined. This study will help in compiling national regulations for the reduction of pollutants and the effective management of industrial wastewaters in Korea. Table 4 | Specific objects of concern in the top 10 discharge ranking
Industry categories
Specific objects of concern Rank of TWKE
Rank of equivalent toxicity
Pulp, paper and paper products manufacturing Water requirement, lead, total nitrogen, total phosphorus, etc. 
